Thermal stability as well as sulphate resistance of alkali activated slag (AAS) pastesprepared from Ground Granulated Blast Furnace Slag (GGBFS) and 5% fly ash (FA)are examined. AAS pastes are accelerated using alkaline solution of sodium hydroxide with concentration 1, 1.5 and 2 M and sodium silicate with fixed concentration (0.28 mol/Kg).AAS pastes exposed to 5% MgSO 4 solution and to high temperature (200, 400, 600 and 800 o C). The compressive strength, bulk density, total porosity, chemically combined water content and phase composition are determined in this study. Concentration of 2M NaOH with 5% FA promotes the best properties of AAS pastes that exhibit the highest resistance to firing up to 400 o C by achieving the greatest compressive strength. However, AAS pastes activated by 2M NaOHgive a high sulphate resistance.
Introduction
A significant amount of Portland cement is used in construction around the world. However, the production of OPC contributing between 5 and 7% of the current anthropogenic CO 2 emissions worldwidethat production of 1 ton of OPC producing up to 1 tone of CO 2 . It is also energy extensive process. Therefore, the quest for alternatives to usage of supplementary cementitious materials has got a great momentum to protect the environment. One potential alternative binder material isalkali activated materials or geopolymer which is materials characterized by chains or networks of inorganic molecules. It is produced by the alkali activation of aluminosilicate raw materials by polymerization in presence of high pH environment.The polymerization reaction involves the formation of three dimensional polymeric chains by Si-Al minerals to form a ring structure which consist of Si-O-Si bonds (Rajerajeswan et al., 2013) .
Geopolymer materials exhibit engineering properties compared to OPC, such as compressive strength and higher resistance to chemical attack, freezing and high temperatures (wardhono et al., 2017) .
Hence in order to reducing the impact of unwanted materials and to produce more environmentally friendly materials is to partially replace OPC with by product materials as granulated blast furnace slag (GBFS). GBFS is aluminosilicate raw material that can be activated by alkali hydroxide and silicate. Alkali activation of slag leads to a reaction product similar to calcium silicatehydrates (CSH) gel but with aluminium in its composition which is calciumaluminium silicate hydrate (CASH) gel.
Several studies (Kumar et al., 2010; Puertas et al., 2000 ; Rashad, 2013) revealed that the creation of extra calcium due to the inclusion of GBFS into FA geopolymer is responsible for the improvement of the mechanical and microstructure properties of the system. Qureshi and Ghosh (2014) were observed an increase in compressive strength with increasing in alkali content til 10.41 %. Further increase in alkali content reduces the compressive strength.
The mechanical properties and microstructure of alkali activated slag subjected to temperatures at 400 °C, 600 °C and 800 °C for 1 hour and 2 hours duration have been reported (Li et al., 2016) . He reported that the strength decreased by 23.9 % to 35 % at elevated temperature of 400 °C. A remarkable drop in strength was observed after exposure to 800 °C, and decreased by 87.0 % in comparison with the reference specimens.
Heikel et al. (2014)state that the activated GBFS showed good durability in 5% MgSO 4 or 5% MgCl 2 solution, i.e., the compressive strength increased gradually with immersing time up to 180 days.
Fly ash (FA) is a by-product of the combustion of coal in thermal powerPlants with spherical, ranging in diameter from<1 µm up to 150 µm. Slag blended FA geopolymer revealed good resistance against permeation, elevated temperature and fire as well as sodium sulphate (Li and liu, 2007; Guerrieri and Sanjayan, 2010) . However, it displayed declination against magnesium sulphate attack with enhanced shrinkage(Ismail et al., 2013).Huseien et al.(2016) emphasized that mortars containing 20% FA revealed higher performanceunder elevated temperature compared to mortars with low FA content.
Kurklu (2016) prepared geopolymer mortars by replacing blast furnace slag with fly ash in different proportions (0, 25, 50 and 75%) and subjected to temperatures of 200, 400, 600, 800 and 1000 o C.According to the results,400 and 600 o C were considered as critical temperature for changes in mechanical and physical properties. However, the geopolymer mortars lost around 58% of its strength at 1000 o C.
Materials and methods 2.1. Materials
Materials used in this investigation were: granulated blast furnace slag (GBFS) obtained from the Egyptian iron & steel of Helwan Company with Blaine surface area 4700±50 cm 2 /g.Fly ash (FA) is provided from Sika Egypt Company, Obour, Egypt with surface area 300 to 500 m 2 /Kg. Sodium silicate liquid (SSL) is provided from Silica Egypt Company, Burg Al-Arab, Alexandria, Egypt and Sodium hydroxide (SH) pellets is provided from El Nasr Pharmaceutical Chemicals Company, Qalyubiya, Egypt.The chemical analyses of the utilized materials are given in Table (1) . 
.1. Alkaline activator
The alkali activator (AA) was prepared by mixing sodium silicate solution and sodium hydroxide pellets with mechanically stirring. The temperature of the mixture is initially high so it left till reach to room temperature in few minutes before proceeding.
Preparation of mixes
The mix compositions of the prepared samples are shown in Table ( 2). The paste specimens areprepared by adding the prepared activator to dry mixes and mixed for 3 min. The pastes are then cast into 25×25×25 mm molds. The mold is vibrated for 1 minute to ensure no air/voids are present in the specimens. Finally, the molds were held at a nearly 95%relative humidity for preventing drying and giving enough time (24 hrs) to the pastes to set and harden at ambient temperature, i.e. 25 °C. The specimens are cured using two different curing regimes, 1) cured under tap water until the required hydration time 1, 3, 7, 28, 90, and 180 days of curing, 2) After 28 days curing under tap water (Zero time), the specimens are then immersed in 5% MgSO 4 up to 180 days. The MgSO 4 solution is renewed monthly.
For the specimens which are tested forfiring effect, all specimens (at 28 days curing time) are exposed, in an electric furnace to four target temperatures, 200°C, 400 °C, 600 °C and 800 °C, with a heating rate of 10 0 C/minfrom room temperature. Once the target temperature was attained, it was maintained for 1 hour. Afterwards, the specimens were cooled to room temperature.
Methods of investigation
The physico-chemical and mechanical characteristics of geopolymer mixes are tested via: 1. Compressive strength tests are performed on three cubes of each paste using a Ton industric machine (Germany) for maximum load of 55 KN. The mean value of the obtained results is considered and is recorded in Kg/cm 2 . 2. Total porosity and bulk density tests are carried out by determining the weight of the samples of the hardened pastes suspended in water, W 2 , and those in air, W 1 then dried at 100° C for about 24 hours and weighed in air, W 3 . The total porosity is calculated using the following equation:
While, the bulk density is calculated using the following equation: The compressive strength values of mixes containing 100% slag activated by 1, 1.5 and 2 M sodium hydroxide are represented graphically in Fig. (1) . It is found that the compressive strength increases with hydration time up to 180 days. This is due to the higher rate of hydration as well as formation of more hydration products. It is also observed that the compressive strength values are increasedwith increasingin alkali concentration.Similar finding reported by (Allahverdiet al. 2008; Wang et al. 2014).A stronger alkali promotes greater degree of hydration in the slag because the ability of OHions to attack the slag structure. The OHions create intermediary reactants which lastly precipitate into CSH and other final products. Moreover, anions in sodium silicate react with Ca +2 dissolving from the surface of slag grains to form C-S-H so it accelerates the activation process.
Alkali activated slag (100 % slag) at different activated concentration is sulphate-resistant, because unlike the Portland cement, AAS does not rely on lime and not dissolved by sulphate solutions. In addition, calcium hydroxide is consumed by the progressive pozzolanic reaction of GGBFS(Khater, 2013).
Figure (1):
Compressive strength of mixes containing 100% slag. Fig.(2) shows the changesin the compressive strength of geopolymer mixes at different hydration ages on adding 5 % FA with different alkaline activator (1, 1.5 and 2 M). It can be noticed that the compressive strength increases with hydration time up to180 days for all mixes. It can be also shown that the values of compressive strength are increased by increasing alkali concentration up to 2M with 5 % FA. This influence is due to the higher solubility of alumino-silicates compounds in concentrated alkaline solutions which enhancethe geopolymerization process.In other hand,the addition of FA may lead to a higher content of fine particles within the paste, which could work as micro aggregates and reduce the total porosity, then result in an increment of strength.TheAAS mixesshowed good stability on its compressive strength values in 5 % MgSO 4 solution. However, specimens containing FA exhibit lower resistance to sulphate attack than those of 100% GBFS. This is due to the chemical composition of fly ash containing (26.34% Al 2 O 3 ) which leads to formation of delayed non-uniform heterogeneously ettringite localized expansion in hardened pastes undergoes loss of its mechanical properties. 
Bulk Density
The bulk density of AAS cured up to 180 days arepresented in Figs. (3 & 4) . It is clear that the bulk density increases with curing time up to 180 days and with alkaline activator up to 2M. This increase is due to the continuous activation and formation of hydration products that makes more homogeneous and densermicrostructure results in increase the bulk density. Increasing alkaline activator concentration enhance the production of higher concentration of [SiO 4 ] -4 which form more CSH and CASH.
The bulk density values are in a good agreement with compressive strength values, such that as the bulk density increase the compressive strength also increase. 
The total porosity (P %):
The total porosities of AAS as well as AAS blended with FA at different hydration ages are represented graphically in Figs. (5 & 6) respectively. According to total porosity values, P % decreases as the alkaline activator of GBFS increases. In presence of 5 % FA , the total porosities decrease. This is fundamentally due to the increase of the alkaline activator concentration; more hydration products are formed by accelerating the activation process of GBFS. These hydration products fill a part of the available voids of the pastes leading to decrease the total porosity. Such results agree with those of the compressive strength. 
The chemically combined water:
The obtained results of chemically combined water contentsof mixes of 100 % GBFS are represented inFig. (7) . All mixes are found to show a continuous increase in the chemically combined water content with increasing hydration time up to 180 days. This may be attributed to theprogress of the hydration of geopolymer constituents to form the corresponding hydration products that accumulate in available open pores. The W n contents of AAS increase with alkali content up to 2 M. Increase the concentration of alkaline activator may enhance the hydration of AAS by increasing the rate of dissolution of the GBFS.
The W n contents of specimens containing 5% FAaregiven in Fig. (8) . The results indicate that W n content increases linearly with curing time up to 180 days. It is also found that W n content is increasedwith adding FA. This is due to high pozzolanic reactivity of FA results in the formation of additional C-S-H during the interaction between FA, as active silica, with free lime released accounts for higher strength values of the hardened pastes.
In the aggressive solution (5% MgSO 4 ) also the combined water contents of the alkali activated GBFS pastes gradually increases up to 180 days in all mixes. The same result obtained by addition of FA due to the continuous hydration and accumulation of hydration products. 
Fire resistance of geopolymer

The compressive strength
The compressive strength values of alkali activated GBFS mix specimens and that contain 5%FA, fired at different temperatures 200, 400, 600 and 800 o Care plotted graphically in Figs. (9) . Animportant increase incompressive strength for S1, S2 and S3 mixes (about 8, 12 and 15 % respectively) is observed when exposed to 200 o C.This is most likely due to heating accelerates the hydration processof activated slag particles which increased the compressive strength remarkably. Similar finding are reported by (Turker et al., 2016) .Similar behavior is also found at 400 o C, where the compressive strength of all AAS mixes is increased by values up to 45% for S3 mix.Increasing firing temperature up to 600 and 800 o C leads to decrease in compressive strength up to 64%. This explained by low matrix cohesion up on high temperature which resulted from dehydroxylation of geopolymer network that leads to weakness of its mechanical properties. Alkali activated slag paste by 2M NaOH (S3) exhibits higher compressive strength at all elevated temperature compared to the other mixes.This is because of the formation of improved alumina-silicate networks during geopolymerisation processsuch as nepheline [NaAlSiO 4 ], gehlenite [Ca 2 Al(AlSiO 7 )], Analcime [Na(AlSi 2 O 6 ).H 2 O]andQuartz as shown later in XRD pattern.
Addition of FA leads to the formation of geopolymer structure that can withstand at high temperature up to 400 o C and possess a thermal stability higher than that of comparable GBFS mixes. This thermal stability can be related to the better rearrangement of geopolymer structure by partial replacement by FAthat results in the formation of a compact matrix. Moreover, a steep decrease in compressive strength is perceived up to 800 o C which may be attributed to development of large pores that possibly connected to material decomposition upon heating. Thisaccompanied by the increase of average pore size as the amorphous structures were replaced by the crystalline Na-feldspars that will possess apessimism effect on the matrixstability and hence itsmechanical characteristics.
Figure (9):
The compressive strength values of all mixes at various firing temperature.
The XRD analysis
Figs. (10 & 11) show the XRD analysis of the hardened AAS and FApastes exposed toelevated temperature; 200, 400, 600, and 800 o C, respectively for one hour. XRD technique might be used to acquire a better understanding of the possible transformations wherefore exposed to high temperature in alkali activated slag. The XRD confirmed the compressive strength values that all mixes resist the high temperature up to 400 o Cfollowed by sharp decrease at 600 and 800 o C.
The XRD patterns of all mixes at 200 and 400 o C show an amorphous CSH phase which responsible for the compressive strength. In addition, the broad band in region 2Ө= 25-35 o suggests that the main reaction product formed is low crystalline alkaline aluminosilicate gel. Increasing the compressive strength values can be attributed to activation of polymerization reaction by formation of improved aluminasilicate networks during geopolymerisation process inpastes containing high molar NaOH concentration exhibited higher compressive strength at all elevated temperatures (Shaikh and Vimonsatit, 2015) .
At 600 and 800 o C, the XRD results indicated that an obvious crystal transformation formed when the specimens subjectedespeciallyto800 °C thermal treatment for 1 hour duration. The crystalline phase of anhydrous calcium silicate such as Gehlenite (d= 2.84, 1.92, 1.81, 1.76 A o ), Nepheline(d= 3.86, 3.23, 2.97, 2.8 A o ), Analcime (d= 5.53, 3.42 A o ) and Quartz(d= 3.34 A o ) are found in the XRD pattern, and the diffraction peaks of C-S-H gels were disappeared.According to Ye et al., (2014) all of the above crystalline phases forthe AAS pastes are alumino-silicate minerals balanced by alkali metal ions such as Na + and Ca 2+ .
A sharp decrease in compressive strength at 600 and 800 o C can be attributed to the decomposition of the CSH and CASH phases, which are the binding agent in hardened pastes, to crystalline phases by evaporating water.
Furthermore, as the concentration of NaOH increased, the intensity of these crystalline phases increased. This is due to while the alkali activator concentration increase, sodium ion increase in solution that balanced more alumina-silicate network leading to formation of more crystalline phases. 
Conclusion
The effects of different molarities of NaOH solutions, sulphate attack and different temperature exposure on the compressive strength of slag based geopolymer pastes are evaluated in this paper. On the basis of the experimental study of the compressive strength of alkali activated slag pastes, the following conclusions can be drawn:
 AAS pastes blended with 5% FA show higher compressive strength values than AAS pastes under curing in tap water. However, AAS pastes exhibit the highest sulphate resistance.  The bulk density and total porosity values are a good agreement with compressive strength values that as the compressive strength increase, the bulk density increases and total porosity decreases.  The firing effect, all pastes show an increase in compressive strength up to 400 o C and sharply decrease up to 800 o C.  The increase in compressive strength is attributed to acceleration of hydration process AAS pastes by heating. While, the reduce in compressive strength is due to dehydroxylation of geopolymer network that leads to weakness of its mechanical properties.  S3 is exhibits the highest sulphate resistance however, SF3 give the highest compressive strength value up to 400 o C.
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